The purpose of this study was to determine if recovery of neurologically impaired hand function following isolated motor cortex injury would occur without constraint of the non-impaired limb, and without daily forced use of the impaired limb. Nine monkeys (Macaca mulatta) received neurosurgical lesions of various extents to arm representations of motor cortex in the hemisphere contralateral to the preferred hand. After the lesion, no physical constraints were placed on the ipsilesional arm/hand and motor testing was carried out weekly with a maximum of 40 attempts in two Wne motor tasks that required use of the contralesional hand for successful food acquisition. These motor tests were the only "forced use" of the contralesional hand. We also tested regularly for spontaneous use of the contralesional hand in a Wne motor task in which either hand could be used for successful performance. This minimal intervention was suYcient to induce recovery of the contralesional hand to such a functional level that eight of the monkeys chose to use that hand on some trials when either hand could be used. Percentage use of the contralesional hand (in the task when either hand could be used) varied considerably among monkeys and was not related to lesion volume or recovery of motor skill. These data demonstrate a remarkable capacity for recovery of spontaneous use of the impaired hand following localized frontal lobe lesions. Clinically, these observations underscore the importance of therapeutic intervention to inhibit the induction of the learned nonuse phenomenon after neurological injury.
Introduction
In rehabilitation, the term "learned nonuse" implies that part of the motor deWcit following damage to the nervous system is not only a direct result of the tissue damage but also a consequence of learned suppression of aVected limb use reinforced over time by the poor quality of its movements (Taub et al. 1977 Wolf et al. 1989) . The most direct experimental evidence of learned nonuse involved unilateral dorsal root deaVerentation of the limb in monkeys (for a review, see Taub et al. 2006 ). However, previous work had shown that monkeys also develop a lasting nonuse of an aVected limb following surgically induced lesions of motor cortex (Ogden and Franz 1917) . In humans, the learned nonuse phenomenon manifests in a wide variety of neurological conditions including neurodegenerative disorders such as Parkinson's Disease (e.g., Quencer et al. 2007 ), cerebral palsy (e.g., Crocker et al. 1997) , and traumatic brain injury (e.g., Wolf et al. 1989 ), but most commonly occurs following stroke-induced hemiplegia (Wolf et al. 1989 (Wolf et al. , 2006 Taub et al. 1993 Taub et al. , 2006 Winstein et al. 2004) . In this circumstance, learned nonuse is typically a direct consequence of the loss of mobility and power of the limb contralateral to supratentorial brain injury.
To overcome learned nonuse of a neurologically impaired limb in monkeys, previous studies suggest that a powerful intervention involving forced use, or training of the aVected limb coupled with constraint of the less aVected limb is necessary (Ogden and Franz 1917; Knapp et al. 1959; Taub et al. 1966; Murata et al. 2008) . In all of these studies, the less aVected limb was constrained for a period of at least 2 weeks to force the use of the impaired limb. Interestingly, it has also been shown that subsequent impairment of the originally less aVected limb by sequential dorsal root deaVerentation reverses learned nonuse and results in recovery of Wne hand movement control in the originally aVected limb (Knapp et al. 1963; Taub et al. 1966) . The experimental induction of this phenomenon and its subsequent reversal has also been demonstrated following serial ablations involving both cerebral hemispheres (Ogden and Franz 1917) . Notably, the previous work on eVects of forelimb deaVerentation involved conditionedavoidance paradigms in which movement of the impaired limb or hand was required to avoid a painful electric shock, providing a very powerful stimulus to counteract such learned nonuse (Knapp et al. 1959; Taub et al. 1966) . However, some purposeful use of the deaVerented limb with the less aVected limb restrained was also observed outside of conditioned avoidance paradigms (Knapp et al. 1963 ). Other work has also shown that the monkeys could learn to use the deaVerented limb for precise pointing at visual targets with and without vision of the limb (Taub et al. 1975) .
It is noteworthy that the previous studies of learned nonuse did not directly quantify frequency of spontaneous use of the aVected limb in a free situation as was done in the more current work. Ogden and Franz (1917) reported that the impaired hand of animals with extensive motor cortex damage returned to normal motor function within 3 weeks of the lesion if the less impaired arm was constrained and the impaired arm subjected to various "therapies" to induce the animal to move the aVected limb. This return to normal function included continued use of the impaired hand for Wne motor tasks after the less impaired hand was removed from the restraint.
To our knowledge, the possibility that a less intense intervention could stimulate spontaneous use of the impaired hand following motor cortex injury in a dexterous motor task has not been investigated. We investigated this possibility in monkeys with surgically induced lesions of frontal lobe motor areas that initially caused paresis of the contralesional arm. We studied macaque monkeys because of their similarity to humans in terms of cortical structure and highly developed hand function Masterton 1975, 1983; Zilles et al. 1995; Picard and Strick 1996; Roland and Zilles 1996; Geyer et al. 2000; Lemon and GriYths 2005; Schieber 2007 ). Lesion size was varied to involve arm areas of primary motor cortex only (M1), M1 + lateral premotor cortex (LPMC), and M1 + LPMC + supplementary motor cortex (M2) to study the eVects of progressively larger lesions on contralesional hand motor recovery (Darling et al. 2009b ). In the current work, we focused speciWcally on post-lesion duration of nonuse and amount of use of the contralesional hand when the monkey could choose which hand to use. The intervention involved testing of impaired limb motor function with a limited number of movements only once every week for the Wrst 2 months after injury and then once every 2 weeks thereafter. SpeciWcally, we used two simple experimental devices that allow controlled testing of each hand without constraint applied to either limb as the monkey roamed freely about the cage (Darling et al. 2006; Pizzimenti et al. 2007 ). Collectively, both testing devices allowed a maximum of 40 opportunities to use the impaired limb to acquire small food targets. Despite food restriction for 18-24 h prior to testing, most monkeys did not make any attempts to acquire the food targets with the contralesional hand for 2-4 weeks after the lesion. This suggests that the motor cortex lesions eVectively disrupt the anatomical projections converging upon or leaving this cortex, probably induced learned nonuse for variable post-lesion durations, even when motivation to acquire the food targets would be high (Darling et al. 2009b) . Spontaneous use of the hand was tested using a third apparatus in which the monkey could use either hand to use to acquire small food targets. We hypothesized that larger lesions of motor cortex, especially those also aVecting supplementary motor area (SMA) (Rostomily et al. 1991) , would induce a longer duration of nonuse of the impaired hand in a Wne motor task. A second hypothesis was that recovery of spontaneous use of the impaired hand toward pre-lesion levels would depend on the level of recovery of skill in dexterous manipulation of small objects.
Methods

Experimental animals
Nine monkeys (Macaca mulatta) served as subjects for these experiments (Table 1) . The monkeys were housed and maintained in a US Department of Agriculture (USDA) approved and inspected facility. All behavioral protocols were approved by the University of South Dakota Institutional Animal Care and Use Committee and performed according to US Department of Agriculture, National Institutes of Health, and Society for Neuroscience guidelines for the ethical treatment of animals. Prior to testing, each monkey was evaluated by a primate veterinarian and judged to be healthy and free of any neurological deWcit. One monkey (SDM55) had a physical defect in the third digit of the preferred hand, which was in a permanently extended position at the interphalangeal joints. However, this did not interfere with his ability to perform precision grasping/manipulation of small objects with digits one and two. To minimize training eVects, all monkeys that were enrolled in training/testing procedures did not have manual cage enrichment post lesion (i.e., apparati which required use of dexterous movements--e.g., perforated ball, hanging mirror, foraging boards, etc.). To compensate for this, visual and auditory enrichment programs were enhanced and daily contact with staV was increased.
Experimental apparati
Three devices were used for Wne hand motor testing in these experiments. They included a standard dexterity board (sDB), modiWed dexterity board (mDB), and modiWed movement assessment panel (mMAP). The sDB used in our study is similar to that used in many previous studies of Wne motor control in monkeys (Nudo et al. 1992; Nudo and Milliken 1996; Kermadi et al. 1997; Mason et al. 1998) . This device permitted the monkey choice of which hand to use to acquire small food pellets using precision grasp. SpeciWcally, it was used to test for hand preference before the brain lesion (Nudo et al. 1992 ) and for spontaneous use of each hand after the lesion for testing of learned nonuse. The mDB (Pizzimenti et al. 2007 ) and mMAP (Darling et al. 2006 ) devices were used for motor testing of each hand before and after the lesion. These two devices allow the experimenter to control which hand the monkey is able to use to acquire food targets. SpeciWcally, this is accomplished by opening or closing right and left portal doors in addition to mechanical constraints placed on the hand path to allow for controlled testing of each hand without the need for restraints on one limb.
Behavioral procedures for handedness index, learned nonuse, and motor performance Video recording of hand preference testing and spontaneous hand use post-lesion was used to acquire data on the number of reaches with each hand to the food targets. During pre-lesion hand preference testing with a standard dexterity board (sDB), the monkey had opportunities to retrieve ten food pellets from each of the four wells and from the Xat surface (50 pellets in total, random order of pellet placements). Three separate testing sessions totaling 150 trials were conducted for each animal. Data recorded included the number of reaches with each hand and number of successful acquisitions. These were used to compute a handedness index which reXects strength of hand preference (Nudo et al. 1992) . During post-lesion nonuse testing, the food pellets were placed centrally on the Xat surface of the sDB to make grasping as easy as possible. For these tests we simply recorded the number of reaches with each hand over 20 trials (note that if the monkey Wrst reached with one hand and was unsuccessful and then reached with the other, it was counted as two reaches--one with each hand). We also recorded whether the monkey was successful in acquiring the food pellet. Post-lesion testing began within 2 weeks after the lesion and was carried out weekly or biweekly in most monkeys (2 monkeys were tested less often). Prior to all experimental sessions the monkey was food restricted for 18-24 h. Full testing sessions with the mDB included Wve retrieval attempts for each of the wells (A-E) for both limbs proceeding from the easiest well (E) to the most diYcult (A), thereby giving the monkey 50 opportunities to retrieve pellets (25 with each hand). During postlesion tests, the more impaired hand (contralateral to the surgically induced lesion) was always tested Wrst to ensure high motivation. Full testing sessions with the mMAP included blocks of Wve trials at each diYculty level (i.e., Xat surface, straight rod and curved rod) with each hand, thereby giving the monkey 30 opportunities to retrieve carrot chips (15 with each hand). The monkeys' exposure to the tasks of the mDB and the mMAP were limited to the experimental testing sessions and they had limited opportunities to use Wne motor control at other times (e.g., only during feeding as there were no apparati available to encourage Wne movement control). Post-lesion nonuse testing involved 20 trials with the food pellets placed on the central part of the Xat surface of the sDB. As previously mentioned, the animal could use either hand to retrieve the pellets in this test.
Data acquisition
Quantitative measurements of movement kinematics and kinetics were made in several testing and training sessions before the lesion and at regular intervals after the lesion using the mDB and mMAP devices as described previously (Darling et al. 2006 (Darling et al. , 2009a Pizzimenti et al. 2007 ). For the mDB, video recording at 100 frames/s with 4 cameras in calibrated 3-dimensional (3D) space was used to identify the following parameters of the movement: time hand exited cage, time of Wrst touch of any part of the hand to the mDB (touchdown) or food pellet, duration of manipulation of the food pellet and number of lost contacts between the food pellet and the digit used to dislodge the food pellet and 3D coordinates of the thumb and Wngertip at touchdown to compute accuracy of the reach (relative to the pellet target) and grip aperture.
Surgical procedure
These procedures were carried out as described previously (Pizzimenti et al. 2007; Darling et al. 2009b; McNeal et al. 2010 ) and will be presented only brieXy here. All lesions were made in the cortical hemisphere contralateral to the preferred limb. The planned surgical lesions included the arm areas of M1 (category F1 lesion); M1 + the adjacent LPMC (category F2 lesion); and M1 + LMPC + the supplementary motor cortex (M2) (category F3 lesion). The purpose of studying these lesions was to evaluate whether progressively larger lesions of arm motor areas induced greater duration and magnitude of hand motor deWcits and whether recovery was associated with diVerent mechanisms in terms of plasticity of corticospinal tract connections for control of hand movement (Darling et al. 2009b; McNeal et al. 2010) . Two additional cases were also included in which there was an initial surgical removal of motor cortex areas, but the lesion spread rostrally to involve medial prefrontal cortex (multifocal or MF lesion-- Table 1 ). These unique cases provide additional important information concerning recovery of ipsilesional hand function (Darling et al. 2009b) . After aseptic cortical exposure under isoXurane anesthesia, the animal was transferred to intravenous ketamine anesthesia and intracortical microstimulation (ICMS) was used to localize the arm areas of M1, LPMC, and M2 (Morecraft et al. 2001 (Morecraft et al. , 2002 (Morecraft et al. , 2007a McNeal et al. 2010) . Following intracortical microstimulation mapping, the animal was transferred back to isoXurane anesthesia. Subpial aspiration was then used to remove the gray matter of the arm area(s) and avoid regions controlling face/head and leg function identiWed by ICMS. The dura was then sutured closed, the bone Xap replaced and anchored to the cranium, and the skin closed with sterile sutures. In all cases, a second surgery was performed 33-34 days prior to sacriWce to inject neural tract tracers into arm areas of spared, intact motor cortices. These tract tracing experiments were designed to examine potential neuroplasticity in intact neuronal projection systems. Results of these studies will be reported in other manuscripts (e.g., McNeal et al. 2010) . Tissue obtained from these experiments is also being used to track cellular and molecular mechanisms that accompany motor recovery (Nagamoto-Combs et al. 2007 ). Complete anatomical descriptions of the lesions in all these monkeys are presented in two previous studies (Darling et al. 2009b; McNeal et al. 2010 ).
Data analysis
The mDB tests were analyzed as described previously to compute performance scores on individual trials in each test for analysis of post-lesion recovery relative to prelesion levels of performance (Darling et al. 2006 (Darling et al. , 2009b Pizzimenti et al. 2007 ). For the post-lesion nonuse tests we recorded: (1) week of Wrst attempt with the impaired hand, (2) week of Wrst successful acquisition with the impaired hand, and (3) percentage of attempts and successful acquisitions with the impaired hand. Similarly, on the mDB task we obtained the post-lesion week of Wrst attempt on any well and Wrst successful acquisition and Wrst test session on which there were successful acquisitions on all attempts on the well on which they performed best during the pre-lesion phase. Note that one monkey, SDM46, had no post-lesion successes on the mDB task. We also computed a measure of recovery of impaired hand motor skill as described previously (Pizzimenti et al. 2007; Darling et al. 2009b ). BrieXy, skill was deWned as the mean performance score divided by the standard deviation of performance scores over Wve consecutive test sessions (25 trials) on the mDB and MAP tasks. Pre-lesion skill was computed over the last Wve testing sessions before the lesion. The maximum postlesion skill was computed as the highest skill over Wve consecutive testing sessions during post-lesion testing. Recovery was deWned as the ratio of post-lesion maximum skill divided by pre-lesion skill. We used maximum post-lesion skill because this measure provides the best estimate of potential for recovery of skill. Multiple and single linear regression analyses were used to examine whether spontaneous use of the impaired hand on the nonuse tests depended on skillful use of the hand and recovery of Wne motor skill in the mDB tasks and on volume of gray and white matter lesions.
Results
There was clear evidence of nonuse in the Wrst days to weeks following surgically induced motor cortex lesions. For example, observations of behavior in the cage in the Wrst few days following the lesion indicated that most monkeys did not use the contralesional hand for gross activities (postural support, climbing) or Wne motor activities (e.g., grasping food, even if it was placed near the impaired hand). Consistent with this observation, most monkeys also did not make an attempt with the contralesional hand in the Wrst post-lesion motor tests 1 week after the lesion (Table 2 , Fig. 1 ). The Wrst post-lesion nonuse test was performed within 2 weeks of the lesion, during which most monkeys did not use the contralesional hand (Table 2 ). The percentage of impaired hand use on the nonuse tests increased over the Wrst 8 weeks after the lesion in most monkeys, but showed considerable variation within and among the subjects (Table 3 , Fig. 1 ). Relatively high percentage use of the contralesional hand in the learned nonuse test generally occurred after return of good manipulation ability (i.e., when the monkey was successful on all trials in the mDB task for the best well) over the Wrst 8 weeks of recovery (e.g., Fig. 1a, b, Tables 2, 3 ). Surprisingly, two monkeys with large multi-focal lesions (SDM46, SDM67) began using the impaired hand in the nonuse task before attempts were made with the same hand in the mDB task (e.g., Figs. 1d, 2a--Wlled squares, Tables 1, 2 ). Also notable is that three monkeys used the contralesional hand in the nonuse test on at least one occasion more often than in the pre-lesion hand preference testing (Table 3) .
Post-lesion duration until the Wrst attempt with the contralesional hand on the nonuse task was not correlated with strength of hand preference, recovery on the mDB task, or lesion volume. The Wrst attempt with the impaired hand on the nonuse test occurred within 4 weeks of the lesion in seven of nine monkeys (Table 2 , Fig. 2a ). Five monkeys made attempts on the nonuse task before they were consistently successful (i.e., on all attempts for the best well) with the contralesional hand in the mDB task (Table 2, Fig. 2b ). However, one monkey (SDM56) never chose to use the impaired hand in the nonuse task. Regression analyses showed that the post-lesion week when the Wrst attempt occurred on the nonuse task was not correlated with lesion volume (Fig. 2d, Table 4 , p > 0.3), handedness index (R = 0.233, p > 0.4) or with the post-lesion week on which the: Wrst attempt (Fig. 2a , p > 0.05), Wrst success (Fig. 2b , p > 0.1), or successes on all attempts occurred on the mDB (best well) task (Fig. 2c , p > 0.4). Post-lesion duration until the Wrst success on the nonuse task was also not correlated with recovery on the mDB task, but was correlated with lesion volume. All eight monkeys that made attempts on the nonuse task with the impaired hand had their Wrst success within 10 weeks following the lesion (Table 2, Fig. 3) . The Wrst success on the nonuse task occurred after the Wrst success on the mDB task in Wve monkeys and before the Wrst success on the mDB task in three monkeys (SDM50, SDM67, SDM46). Regression analysis showed that post-lesion week of Wrst success on the nonuse task was not correlated with post-lesion week of Wrst attempt, Wrst success, or consistent success on the mDB task ( Fig. 3a-c ; p > 0.4), but was positively correlated with lesion volume (Fig. 3d, Table 4 , p < 0.05).
It is important to note, however, that two monkeys with large lesions (SDM50--M1 + LPMC + M2 lesion, SDM67--multi-focal lesion) had success on the nonuse task in the same post-lesion week or 2 and 3 weeks before some monkeys with smaller lesions (SDM70, 55, 64: M1 + LPMC lesions). Moreover, if we exclude the monkey with the largest lesion (SDM46) from this regression analysis, no signiWcant relationship exists between post-lesion week of Wrst success and gray matter lesion volume (Table 4 , p > 0.4).
Percentage use of the contralesional hand in the nonuse task was not correlated with recovery of skilled use of that hand. Five of the monkeys had individual nonuse testing sessions in which the contralesional hand was used in Fig. 1 Recovery of contralesional hand performance in the mDB and nonuse tasks in four monkeys. Recovery of performance in the mDB task (solid circles) was computed as the percentage ratio of post-lesion performance score/average prelesion performance score (over the last Wve pre-lesion tests) on the well with highest pre-lesion skill. Recovery of spontaneous use of the contralesional hand (open triangles) is plotted as the percentage use of that hand in the post-lesion tests. The solid horizontal line represents average pre-lesion performance scores over the last Wve pre-lesion tests. The dashed horizontal line represents pre-lesion use of the preferred hand in the handedness test (note that the lesion was always made in the hemisphere contralateral to the preferred hand). Note that post-lesion performance score ratios of zero indicate no attempts in the testing session greater than 50% of trials in the nonuse task, indicating a reversion to this hand as the preferred hand on those test days. However, neither average (over all post-lesion nonuse test sessions) nor maximum (in a single test session) percentage use of the contralesional hand in the nonuse task were correlated with the ratio of post-lesion to pre-lesion manipulation skill in the mDB task ( Fig. 4a, b ; p > 0.05). There was also no evidence that average or maximum percentage use of the contralesional hand in the nonuse task depended on strength of pre-lesion handedness (Fig. 4c, d , p > 0.05) or lesion volume (Fig. 4e , f, Table 4 , p > 0.05). 
Discussion
Our Wndings clearly demonstrate that lesions to the arm areas of motor cortex, and additional frontal lobe areas in two monkeys, aVecting the preferred hand can cause learned nonuse of that hand for a period of up to 6 months for a Wne motor task. All but one of the nine monkeys recovered some spontaneous use of the contralesional hand in the nonuse task. Forced use of the impaired hand in food acquisition tasks similar to those used to test for nonuse may have stimulated recovery of Wne motor function in that hand and return of spontaneous use of the hand to varying degrees. Indeed, it is remarkable that over time the contralesional hand became the preferred hand again (i.e., used more often than the ipsilesional hand) in some nonuse testing sessions. Also remarkable was that many of the monkeys began spontaneous use of the contralesional hand in the nonuse task before they were consistently successful with that hand in the similar mDB task.
Our Wndings show convincingly that occasional forced use of the impaired contralesional hand for food acquisition is suYcient to overcome learned nonuse following localized frontal lobe lesions in macaque monkeys. Previous work suggested that full-time constraint of the minimally impaired (ipsilesional) hand for 2-3 weeks and daily contralesional training is needed to ensure contralesional limb use following (comparatively) larger motor cortex lesions (Ogden and Franz 1917) , smaller lesions limited to M1 digit areas (Murata et al. 2008 ), or after deaVerentation of one upper limb (Taub et al. 1977) . However, less intense interventions were not attempted in these previous studies. Although the devices we used for motor testing were designed to overcome the need for restraining the ipsilesional limb for purposes of monitoring recovery of contralesional hand motor function, it now seems clear that use of these devices occasionally (once per week or once every 2 weeks for a maximum of 40 movements) can stimulate recovery of spontaneous use of the contralesional limb even ) and Wve successes (c) on the best well of the mDB task. Post-lesion week of Wrst attempt on the nonuse task is also plotted against total (gray matter + white matter) lesion volume in d. Each plotted symbol is data from a single monkey. Note that SDM56 was excluded from a, b, c and all these regression analyses because this monkey had no attempts on the nonuse task. SDM46 had no successes on the mDB task and thus is not included in b and c when the monkey could use the ipsilesional limb to perform a task. However, one monkey (SDM56) that recovered good function in the contralesional hand on the mDB task never chose to use that hand in the nonuse task. Thus, occasional forced use was not suYcient in all monkeys to stimulate use of an impaired hand when either hand can be used for a Wne motor task. It is not clear whether constraint of the ipsilesional limb would have successfully reinstated spontaneous use of the contralesional limb in this monkey, although it seems highly likely. These Wndings are consistent with the idea that limb constraint is not a necessary part of therapy designed to promote recovery of hand function Brogardh et al. 2009 ), but it is possible that constraint of the less impaired limb is necessary in some patients and would hasten recovery.
An important question is whether recovery of spontaneous use of the contralesional limb occurred because the brain lesions were smaller than in past work. Ogden and Franz (1917) indicated that surgical damage in their cases was restricted to lateral areas of motor cortex, which appeared to include most of M1 and lateral premotor cortex but did not extend onto the medial wall of the hemisphere. , b) , pre-lesion handedness index (c, d) and gray matter (GM) lesion volume (e, f). Each plotted symbol is data from a single monkey. Note that SDM49 was not included in these graphs or the associated regression analyses due to the short post-lesion observation period Thus, arm, leg, trunk, and facial movements contralateral to the lesion were aVected by these large lesions. They also indicated that the cortex located deep in the central sulcus was damaged by inserting the cautery into cortex lining the anterior bank of the sulcus. However, this procedure may have also damaged parts of the postcentral gyrus somatosensory areas as indicated from appearance of the brain, but this was not conWrmed with histological analyses. In contrast, in the present work we avoided damage to the posterior bank of the central sulcus to ensure no damage to primary somatosensory cortex, and the lesions were limited to arm areas of M1 and lateral premotor cortex. In four cases, the lesion extended to include motor (and other) regions on the medial wall of the hemisphere (Table 1) . Thus, only the upper limb was paretic following lesions in the present work in comparison to the entire side of the body and head in previous work. These diVerences in the lesions could be an important factor as the monkeys studied in the present work were less incapacitated immediately after the lesion due to sparing of leg, trunk and face motor areas, and somatosensory cortex. Partial sparing of the anterior bank of the central sulcus may also be an important factor in recovery of contralesional Wne hand motor function because neurons in this region are excitatory to digit muscles with low currents (Lemon et al. 1986; Sato and Tanji 1989) . Moreover, it is likely that direct connections between motor cortex neurons of this region and spinal motor neurons innervating digit muscles play an important role in control of coordinated digit movements for grasping Masterton 1975, 1983; Kuypers 1981; Lemon and GriYths 2005; Schieber 2007 ). Notably, however, it was recently shown that good recovery of Wne hand motor function is possible with extensive forced daily practice even with damage to the M1 region deep in the central sulcus (Murata et al. 2008) . It is likely that damage to this area would prolong the post-lesion period over which the monkeys would not spontaneously use the impaired hand when the other hand could be used, but it appears unlikely that this would completely prevent recovery of spontaneous use of the contralesional hand. The Wnding that three of four monkeys with large lesions aVecting the medial wall (M2 and other areas) recovered some spontaneous use of the contralesional hand is consistent with the idea that minimal forced use can promote recovery of spontaneous use of the hand for Wne motor tasks even with quite large frontal cortex lesions.
Pre-lesion training with both hands on the mMAP and mDB tasks may be an important factor in recovery of spontaneous use of the contralesional hand. That is, the monkeys were experienced with being forced to use each hand to perform Wne motor tasks while highly motivated due to short term food deprivation. The monkeys are likely aware that to obtain food rapidly after a period of food deprivation they must be able to use both hands, thereby stimulating attempts to rapidly recover use of the contralesional hand. This could explain the post-lesion Wndings of attempts and successful use of the contralesional hand in the nonuse task before the mDB task in some monkeys (Fig. 1, Table 2 ), as the required hand and digit movements are similar to those used in the mDB task. Indeed, the nonuse task could be regarded as a simpler version of the mDB task because the monkey's hand does not have to follow a constrained path during the reaching movement and the hand/digit motions can occur without the monkey's arm being extended far from the body. It is also possible that no pre-lesion training or forced use of the contralesional hand is necessary to cause eventual use of the contralesional hand to grasp food. Travis (1955) reported that after unilateral ablation of precentral cortex rhesus monkeys do recover precise ability to pick up small pieces of food with the contralesional hand. However, up to 3 months post-operatively the monkey used only the ipsilesional hand when food was presented directly in front, but would use the contralesional hand if food was presented directly to that hand.
Early post-lesion tests of motor performance using the ipsilesional hand, coupled with opportunities to use the contralesional hand in a motivated forced-use situation, may also be important in recovery of use of the contralesional hand. Training or practice of a task with one hand is known to cause some transfer of learning to inXuence initial performance with the other hand, suggesting that there may be a stored representation of the task that is not eVectorspeciWc (e.g., Morton et al. 2001; Sainburg and Wang 2002; Wang and Sainburg 2003) . Thus, practice of the task with the ipsilesional hand may help restore a representation that can be used by the contralesional limb and perhaps cause earlier use of the contralesional limb after the lesion. Moreover, we have recently shown that the ipsilesional limb recovers to produce more highly skilled hand movements than were observed pre-lesion in these monkeys (Darling et al. 2009a) . Improved control of movements by the ipsilesional hand may create a better task representation that can also be accessed by brain areas controlling the contralesional hand to promote recovery of its function. However, regular use of the ipsilesional limb may also reinforce learned nonuse of the contralesional hand and enhance inhibition of the damaged hemisphere (Duque et al. 2007 ). We minimized testing of ipsilesional hand motor performance with a relatively small number of trials at weekly and every other week intervals during postlesion testing, but of course did not limit use of the ipsilesional hand in the cage.
Cerebral hemispheric dominance, as indicated by prelesion strength of hand preference, may also play a role in recovery of spontaneous use of the contralesional hand in the nonuse task. It has been reported that dominant (left) hemisphere damage due to stroke can create greater impairments in hand motor function and in learning of complex hand motor tasks than strokes aVecting the right hemisphere in humans (Kimura and Archibald 1974; Kimura 1982) , although a recent study did not conWrm this (Harris and Eng 2006) . Humans generally exhibit rather strong hemispheric dominance with the majority being left hemisphere dominant and right handed (e.g., Knecht et al. 2000) , whereas rhesus monkeys exhibit weaker handedness that can vary with each task and probably have much weaker hemispheric dominance (Lehman 1980 (Lehman , 1989 . Given this likely weaker hemispheric dominance in rhesus monkeys, one might expect low motivation to recover function of an impaired hand, especially since rhesus monkeys often demonstrate excellent skill with both hands in a variety of Wne motor tasks, although they may exhibit a preference for one hand in a particular task (Lehman 1980 (Lehman , 1989 . Moreover, damage to the more dominant hemisphere may remove inhibition to the undamaged hemisphere which may now dominate and perhaps inhibit use of the contralesional hand (Mansur et al. 2005; Fregni et al. 2006 ) since frontal motor cortex gives rise to homotopic callosal projections (Pandya and Vignolo 1971; Liu et al. 2002; Boussaoud et al. 2005) . Such eVects might lead to an inverse relationship between strength of pre-lesion hand preference and frequency of use of the contralesional hand in the nonuse task. Alternatively, one might expect greater motivation to recover use of a hand that was preferred to a greater extent before the lesion because the monkey is accustomed to using that hand for this type of Wne motor tasks. Such high motivation was especially obvious in the case of SDM46 as this monkey had a high pre-lesion hand preference (handedness index of 96) and attempted to use the contralesional hand on the nonuse task at 2 weeks postlesion despite having by far the largest lesion volume and greatest impairment of hand function. Thus, a direct relation between strength of pre-lesion hand preference and frequency of spontaneous use of the contralesional hand might be observed. A third alternative is that use of the contralesional hand in a task when either hand could be used occurs randomly and does not depend on pre-lesion hand preference, lesion volume, or recovery of skill but may depend solely on motivation of the monkey. Indeed, the Wnding that the post-lesion duration until Wrst attempt in the nonuse task was not correlated with lesion volume or with post-lesion duration until Wrst attempt, Wrst success or consistent success in the mDB task supports this idea in terms of the Wrst attempt at spontaneous use. However, post-lesion duration until Wrst success on the nonuse task was correlated with lesion volume (Fig. 3d, Table 4 ), suggesting that this was not a random event. This conclusion is preliminary, however, because there was no relationship between these variables when SDM46 (the monkey with the largest lesion) was excluded from the analysis.
There was no evidence to support the idea that use of the contralesional hand in the nonuse task is related to either a desire to recover use of a previously more strongly preferred hand (expected direct relationship) or to greater postlesion inhibition of the damaged hemisphere in monkeys with stronger hand preference (expected inverse relationship). No signiWcant relationships were observed between pre-lesion handedness index and either maximum or average percentage use of the contralesional hand on postlesion nonuse tests (Fig. 4c, d ). It is possible that these two mechanisms counteract each other in diVerent monkeys, thereby causing the poor relationship observed. For example, SDM50 and SDM56 had very similar lesions, but SDM50 had a much stronger hand preference (Table 1) and used the contralesional hand regularly in the nonuse task, whereas SM56 never used the contralesional hand in the nonuse task (Table 2 ). In contrast, SDM64 and SDM55 also had similar lesions, but SDM64 had much stronger hand preference and used the contralesional hand much less often in the nonuse task than SDM55. Variations in lesion size, which motor areas were lesioned and recovery of manipulation skill probably also contribute to recovery of spontaneous use of the contralesional hand. However, simple linear regression analyses did not show signiWcant relationships between contralesional hand use in the nonuse task (highest use in a single session or average use over the entire post-lesion period) and recovery of skill (Fig. 4a, b) , or lesion volume (Fig. 4e, f, Table 4 ). These factors probably also interact with intrinsic motivation level of the monkey as there was clearly very high motivation to recover ability to use the contralesional hand in the nonuse task in three monkeys with large lesions (SDM46, SDM67 with multi-focal lesions and SDM50 with a M1 + LPMC + M2 lesion). In the post-lesion recovery period, these monkeys all had substantial impairments of contralesional hand motor function but made attempts in the nonuse task before the mDB task. Other monkeys with small versus large lesions showed relatively low motivation to use the contralesional hand in the nonuse task despite good recovery of skill (e.g., SDM56 with a M1 + LPMC + M2 lesion never made an attempt and SDM70 with a M1 + LPMC lesion rarely used the impaired hand in the nonuse task although both monkeys had good recovery of skill). Thus, high motivation can overcome the eVects of a large lesion in attempts to use the impaired hand spontaneously. Thus, it is doubtful that spontaneous contralesional hand use in the nonuse task is random, but there is no strong evidence against this possibility in this group of nine monkeys with variations in lesion size and involvement of diVerent cortical motor areas.
The Wnding that recovery of spontaneous hand use was not dependent on lesion volume and the motor areas that were damaged probably reXects the good recovery of hand motor skill in all except the largest lesions. All monkeys recovered good to excellent contralesional hand motor skill except SDM46. Our recent work suggests that this recovery is related to intraspinal sprouting of CST axons from the arm area of M2 in spinal cord laminae involved in control of contralesional upper limb muscles following localized injury to M1 and LPMCd (McNeal et al. 2010) . Such a mechanism might also explain the recovery of other monkeys in which the arm area of M2 was spared (e.g., SDM38, SDM67 had only minor damage to M2), but cannot explain recovery in monkeys in which M2 was damaged (e.g., SDM50, SDM56, SDM46). It is likely that intraspinal sprouting from tracts originating in other supraspinal motor areas such as M1 of the undamaged hemisphere (ipsilateral CST) and, perhaps, cingulate motor areas, and brainstem motor nuclei might explain their recovery.
In conclusion, the present Wndings show that surgically induced lesions of motor cortex in monkeys produce a form of learned nonuse of the contralesional impaired hand that lasts for variable periods after the injury. Following isolated frontal cortex injury, this learned nonuse can be alleviated by a relatively small amount of forced use of the contralesional hand during the post-lesion recovery period in most monkeys. Indeed, some monkeys began to use the contralesional hand when either hand could be used before any forced use of the contralesional hand occurred in a similar task (i.e., before any attempts in the mDB task). This indicates a strong motivation to regain function in that hand, likely due to short-term food restriction and previous experience with required use of that hand to obtain the food reward.
There are many issues to consider when comparing these Wndings in monkeys to the human condition following brain injury. One major issue is the need for pre-lesion training of the monkeys in the motor tasks used after the lesion, which of course does not occur directly in humans. However, the types of motor tasks used to test human hand motor skill after brain injury are typically rather simple tasks which healthy humans of the same age perform quite easily with minimal (if any) training. As such, we feel that these Wndings have some implications for human rehabilitation following brain injury. A second major issue is that many brain injuries in humans aVect multiple areas (motor, sensory and higher order processing areas including cognitive areas) whereas the lesions in most monkeys were limited to motor areas (including higher order processing areas for the motor system). Clearly, lesions aVecting sensory areas are likely to have a large impact on recovery as already discussed and lesions aVecting more cognitive areas might also produce greater deWcits in skill reacquisition (as indicated by the poor hand motor recovery of SDM46, the monkey with a lesion extending into medial prefrontal cortex). It is noteworthy that the injury model used here is most closely related to eVects of neurosurgical procedures in humans, which also produces eVects similar to other types of brain injuries on limb movement (e.g., Laplane et al. 1977a, b; Mikuni et al. 2005; Chamoun et al. 2007) .
Overall, our Wndings provide strong support for the idea that inducing high motivation to recover use of a neurologically impaired limb is likely to improve recovery. Indeed, recent reviews suggest that motivation is a major factor in rehabilitation of upper limb use in hemiplegic stroke patients and that use of computer gaming technology may be eVective in the rehabilitation of hand movement control in human stroke patients because of the possibility of enhancing motivation during therapy (Levin et al. 2009; Sivak et al. 2009; Timmermans et al. 2009 ). Moreover, a recent model of stroke rehabilitation suggests that if therapy is suYcient to encourage spontaneous movements by the patient, continued improvement in function may occur without further therapy (Han et al. 2008) . It seems likely that the weekly post-lesion motor testing under conditions of high motivation in the present study was suYcient to encourage spontaneous use of the contralesional hand (as indicated by its use in the nonuse task) and further improvement of hand function in monkeys with brain lesions aVecting motor areas. Strong evidence supporting this hypothesis comes from a recent report that 2 weeks of intensive constraint induced therapy led to continued improvements in upper limb function (especially strength) for 24 months post-therapy due to greater use of the impaired hand (Wolf et al. 2008) . Collectively, these Wndings underscore the importance of a systematically applied therapeutic intervention with high motivation to inhibit the induction of learned nonuse phenomena and improve the motor recovery process after brain injury.
